ABSTRACT: A regioselective acyloxylation with carboxylic acids at the proximal carbon of allenamides by an N-iodosuccinimide-mediated C− H functionalization is reported. The reaction proceeds rapidly, is scalable to a gram scale, and displays a broad substrate scope, providing an efficient and practical protocol for the synthesis of branched allylic esters. Notably, protected amino acids were tolerated under the reaction conditions and afforded allylic amino acid esters in moderate yields.
■ INTRODUCTION
Allylic esters have garnered increasing attention because of their presence in bioactive and medicinally relevant molecules. 1 They are widely present in bioactive natural products such as grandiuvarone A and albanol A (Figure 1 ), which are isolated from the barks of Uvaria grandiflora and Uvaria alba, respectively, and are known to exhibit antileishmanial, cytostatic, and antiproliferative activities. Furthermore, branched allylic alcohols and their ester derivatives are important building blocks in organic synthesis. 2 Traditional synthetic methods for the preparation of allyl esters involve the reaction of an acid or its derivatives (acyl chlorides and anhydrides) with the corresponding allylic alcohols.
3 However, these approaches suffer from limited substrate scope and harsh reaction conditions. The transitionmetal-catalyzed direct oxidative esterification of allylic sp 3 C− H bonds has emerged as one of the most important strategies for the synthesis of branched allylic esters and is an important alternative to the traditional synthetic approaches. Several methodologies relying on this approach have been reported for the synthesis of allylic esters. Although palladium-, 4 copper-, 5 and iron-catalyzed 6 esterifications of allylic sp 3 C−H bonds have been reported, they suffer from poor atom economy because of the necessity for the use of stoichiometric equivalents of oxidants. An elegant alternate approach for the synthesis of allylic esters via a redox-neutral and atomeconomic rhodium-catalyzed coupling of terminal alkynes with carboxylic acids has been reported recently. 7 Allenes are an easily accessible and remarkably stable substrate class, and Yamamoto, 8 Krische, 9 and Breit 10 reported the palladium-, iridium-, and rhodium-catalyzed coupling of allenes with carboxylic acids for synthesizing linear and branched allylic esters. Although these methods are powerful synthetic transformations, they require the use of transition metals, and in many cases the corresponding ligands in the catalytic system, which make them expensive and less ecofriendly. Considering these wide arrays of available approaches, a metalfree approach to allylic sp 3 C−H bond esterification would obviate many of the aforementioned disadvantages. However, reports on such metal-free allylic sp 3 C−H esterification are limited, and only one example using Bu 4 NI as a catalyst was reported, 11 which further highlights the necessity for the development of a straightforward and low-cost metal-free allylic sp 3 C−H esterification protocol. Allenamides have recently emerged as important synthetic intermediates and participate in diverse and interesting transformations. 12 We have reported the halogen-mediated intermolecular coupling reactions of allenamides 13 and recently reported a related methodology for the metal-free synthesis of allylic ethers by the regioselective alkoxylation of allenamides with alcohols (Scheme 1a).
14 However, this reaction required the use of low-boiling alcohol nucleophiles as the reaction solvents, which limited the substrate scope for the transformation and promoted us to examine the allylic substitution using carboxylic acids as the nucleophiles. We present herein a metal-free synthesis of branched allylic esters with broad functional group tolerance by the N-iodosuccinimide (NIS)-mediated regioselective acyloxylation at the proximal carbon of allenamides (Scheme 1b).
■ RESULTS AND DISCUSSION
On the basis of our previous results on the regioselective 1,2-additions of alcohols to allenamides, we began our studies by exploring the reaction between phenyl allenamide 1a and acetic acid 2a, and the optimization results of the study are summarized in Table 1 . Employing the conditions from our previous study, upon treating phenyl allenamide 1a with 1.05 equiv of NIS in 3 mL of acetic acid, the acyloxylated product 4aa was isolated in 86% yield (Table 1 , entry 1). When the reaction was performed with 1 equiv of acetic acid 2a in 3 mL of dichloromethane (DCM), the branched allylic ester 4aa was obtained in 52% yield along with the linear allylic ester 5a in 20% yield (Table 1 , entry 2). In an attempt to increase the nucleophilicity of acetic acid 2a, 2 equiv of K 2 CO 3 was added to the reaction mixture, which delivered the branched allylic ester in 27% yield (Table 1 , entry 3). After screening various equivalent ratios of 1a and 2a, we found that the best regioselectivity and yield of the branched allylic ester 4a were obtained with the use of 6 equiv of 2a (Figure 2 ). Various iodine sources were evaluated next, and compared to other iodine sources such as N-iodophthalimide (3d) and elemental iodine (3g), NIS proved to be the best choice for generating the target compound 4aa. Encouraged by these results, we examined the related N-haloimides for this transformation. When N-bromosuccinimide (3b) and N-bromophthalimide (3e) were used in this reaction, the branched allylic ester 4b was isolated in 50 and 47% yields, respectively (Table 1, entries 5 and 8) . N-Chlorosuccinimide (3c) and Nchlorophthalimide (3f) were less reactive and delivered the corresponding product 4c in 55 and 34% yields, respectively. Subsequent solvent screening studies indicated an increase in the yield of 4aa to 85% when CH 3 CN was used as the solvent, whereas 1,2-dichloroethane (DCE), CHCl 3 , toluene, and acetone were not as effective under the reaction conditions (Table 1, entry 11−15) . Furthermore, the control experiment (Table 1 , entry 16) showed that no acyloxylated product was obtained in the absence of NIS, revealing the importance of the iodine sources.
Employing the optimized conditions (Table 1 , entry 13), we investigated the scope of the carboxylic acid substrates in the reaction (Table 2) and were pleased to find the efficient formation of the desired products in good yields for all acids which were evaluated. Aliphatic carboxylic acids (linear and branched) worked well and afforded the desired allylic esters (4aa−4ae) in 62−85% yields. Similarly, cyclic carboxylic acids afforded the branched allylic esters (4af−4ai) in 63−84% yields. Furthermore, the sterically hindered adamantyl carboxylic acid 2j was a suitable substrate and furnished the corresponding product in 63% yield. In addition to the unsubstituted benzoic acid 2k, both electron-rich and electronpoor aromatic carboxylic acids were suitable reaction partners (4al−4ap). The 2-methyl-and 3-fluoro-substituted benzoic acids also provided the corresponding products 4aq and 4ar in 68% yield, respectively. The 2-naphthyl carboxylic acid 2s and cinnamic acid 2t were also tolerated under the reaction conditions and afforded the desired allylic esters in 72 and 69% yields, respectively.
Having studied the scope of the carboxylic acids in this reaction, we turned our attention to the investigation of the allenamide scope (Table 3) . Several para-and meta-substituted phenyl allenamides were investigated first (1b−1h). Phenyl allenamides bearing electron-rich substituents worked better in this reaction and afforded the desired allylic esters 4ba and 4ca in 89 and 81% yields, respectively. The initial step of this The reaction was carried out with 3 mL of acetic acid as the solvent.
reaction was proposed to be the electrophilic halogenation between the iodine electrophile and the π system of the allenamide. The reactions with 3,5-dimethoxyl-and 2-naphthyl-substituted allenamides 1i and 1j proceeded smoothly and provided 4ia and 4ja in 72 and 78% yields, respectively. Moreover, the molecular structure of the branched allylic ester 4ia was unambiguously determined by single-crystal X-ray diffraction (Figure 3) . 15 Interestingly, when trimethyl phenyl allenamide was used as the reactant, the linear allylic ester was isolated as the sole product in 56% yield, possibly because of the increased steric hindrance of the substrate. Next, benzyl allenamides 1k−1p were employed as substrates under optimized reaction conditions, and the paramethyl-and bromo-substituted benzyl allenamide 1l and 1p gave the allylic esters 4la and 4pa in 91 and 84% yields, respectively. Both electron-rich and electron-poor benzyl allenamides 1k and 1m−1o furnished the desired products in about 70% yields, exhibiting no obvious substituent effects. We investigated next the reactivity of different allenamides bearing aliphatic substituents under the optimized conditions. Both phenethyl-and n-butyl-substituted allenamides produced products 4qa and 4ra in 72 and 48% yields, respectively. The reaction was also efficient when the tosyl group in the allenamides was substituted with the acyl and mesyl amino protecting groups and delivered 4sa and 4ta in 74 and 81% yields, respectively. Furthermore, 2-oxazolidinone allenamide 1u also provided the corresponding product 4ua in 48% yield.
To establish the practicality of this reaction, a gram-scale synthesis of the branched allylic ester 4aa was carried out. When 1.42 g of allenamide 1a (5.0 mmol) was used, 1.95 g of the desired product 4aa was obtained in 83% yield within 5 min, indicating the facile scalability of the transformation to the gram scale without loss in efficiency (Scheme 2). To further demonstrate the potential applications of this protocol, 1a was reacted with N-Boc-L-Phe, N-Ac-L-Phe, and N-Boc-LTyr, upon which the corresponding products 6, 7, and 8 were isolated in moderate yields in a 1:1 dr.
In summary, we demonstrated the first intermolecular addition of carboxylic acids to the proximal carbon of allenamides toward the formation of highly useful branched allylic esters under superior regioselectivity by employing a simple and commercially available iodine reagent. This reaction proceeds rapidly, is scalable up to a gram scale, and tolerates a broad scope of substrates. Notably, the protected amino acids were compatible and furnished the desired allylic amino acid esters in moderate yields. A further exploration of potential applications and studies to extend this interesting synthetic methodology is currently underway. 
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Article ■ EXPERIMENTAL SECTION General Conditions. All reactions were performed using Schlenk tubes, septa, and syringes without the protection of nitrogen. Tetrahydrofuran, toluene, DCM, and DCE were freshly distilled over sodium/benzophenone and calcium hydride, respectively. Commercial reagents were used as supplied or were purified by standard techniques where necessary. Column chromatography was performed using a 200−300 mesh silica gel (Qingdao Haiyang Chemical Co., Ltd., silica gel F254) with an appropriate solvent system, as determined by thin-layer chromatography (TLC) analysis using UV light and KMnO 4 stain to visualize the reaction components. Melting points were determined using a WRS-1B digital melting point instrument. IR spectra were recorded on a Nicoletisso Fourier transform infrared spectrometer using KBr disks. Unless otherwise noted, nuclear magnetic resonance spectra were recorded at room temperature on an Agilent 400 MHz spectrometer using CDCl 3 as the solvent and tetramethylsilane (TMS) as the internal reference. Chemical shifts for 13 C nuclear magnetic resonance (NMR) spectra were recorded in parts per million relative to TMS using the central peak of deuterochloroform (77.0 ppm) as the internal standard (see Supporting Information). High-resolution mass spectrometry (HRMS) was performed using a Bruker Daltonics Bio time-of-flight (TOF) mass spectrometer.
Allenamides 1a−1u were prepared according to the published methods.
16 Carboxylic acids were obtained commercially and used without further purification.
General Procedure for NIS-Mediated Acyloxylation of Allenamide 1a with Acetic Acid 2a. To a Schlenk tube were added allenamide 1a (0.1 mmol, 28.5 mg), acetic acid 2a (6.0 equiv, 34 μL), NIS (1.05 equiv, 23.5 mg), and CH 3 CN (anhydrous, 3 mL). Then, the reaction mixture was stirred at room temperature (rt) for 5 min until the complete consumption of the starting material as monitored by TLC. The mixture was then washed with saturated sodium bicarbonate solution (5 mL), extracted with DCM (3 mL × 2), and dried over anhydrous Na 2 SO 4 . The concentration of the reaction mixture in vacuo followed by purification through flash chromatography on a silica gel column (hexane/EtOAc = 5/1 as the eluent) afforded 4aa (40.0 mg, 85% yield) as a white solid.
2-Iodo-1-(4-methyl-N-phenylphenylsulfonamido)allyl Acetate (4aa 1, 144.0, 136.1, 134.5, 131.5, 129.2, 129.1, 128.9, 128.6, 128.1, 101.2, 84.9, 21.6, 20.6 134.5, 131.4, 129.3, 129.2, 128.6, 128.0, 125.0, 120.5, 82.9, 21.6, 20.6 144.0, 136.3, 134.5, 134.4, 131.4, 129.3, 129.2, 128.6, 128.0, 116.0, 81.8, 21.6, 20.7 4, 144.0, 136.2, 134.5, 131.5, 129.3, 129.1, 128.8, 128.5, 128.1, 101.4, 84.7, 27.3, 21.6, 8.7 134.5, 131.5, 129.3, 129.1, 128.8, 128.5, 128.1, 101.5, 84.7, 35.7, 21.6, 18.00, 13.7 7, 128.6, 128.1, 101.7, 84.6, 33.8, 21.6, 18.7, 18.5 9, 143.9, 136.3, 134.6, 131.6, 129.3, 129.1, 128.8, 128.6, 128.1, 101.6, 84.7, 33.9, 31.8, 29.2, 29.1, 29.08, 24.5, 22.6, 21.6, 14. 9, 136.1, 134.5, 131.5, 129.3, 129.1, 128.9, 128.5, 128.1, 101.3, 84.8, 21.6, 12.5, 8.9, 8.7 4, 144.0, 136.2, 134.5, 131.5, 129.3, 129.1, 128.8, 128.6, 128.1, 101.6, 84.5, 37.5, 25.0, 24.8, 21.6, 18.4 6, 143.9, 136.3, 134.6, 131.6, 129.3, 129.1, 128.7, 128.6, 128.1, 101.8, 84.5, 43.4, 29.8, 29.4, 25.8, 25.7, 21.6 6, 143.9, 136.6, 134.6, 131.6, 129.4, 129.1, 128.7, 128.6, 128.1, 101.9, 84.5, 40.6, 38.7, 36.3, 27.7, 21.6 6, 143.8, 135.9, 134.7, 131.5, 129.7, 129.3, 129.2, 129.14, 129.1, 128.6, 127.9, 125.8, 101.0, 85.6, 21.8, 21.4 9, 163.6, 143.8, 136.0, 134.7, 131.8, 131.5, 129.3, 129.1, 129.07, 128.6, 128.0, 120.9, 113.7, 101.2, 85.5, 55.5, 21.5 163.0, 143.9, 136.0, 134.6, 132.3 (d, J = 9.4 Hz), 131.5, 129.3, 129.24 1, 144.0, 140.3, 136.0, 134.6, 131.5, 131.0, 129.3, 129.2, 128.9, 128.7, 128.0, 127.1, 100.7, 86.0, 21.4 144.0, 135.9, 134.5, 131.9, 131.4, 131.1, 129.3, 129.27, 129.25, 128.9, 128.7, 127.9, 127.5, 100.6, 86.0, 21.5 9, 141.6, 136.1, 134.7, 132.7, 132.0, 131.5, 130.1, 129.3, 129.1, 129.09, 128.6, 127.9, 127.5, 125.6, 101.3, 85.6, 21.8, 21.5 143.9, 136.0, 135.7, 134.7, 132.2, 131.5, 131.46, 129.32, 129.3 146.6, 143.9, 136.0, 134.6, 133.7, 131.5, 130.9, 129.3, 129.1, 129.0, 128.6, 128.2, 128.1, 116.2, 101.0, 85.3, 21.4 159.9, 143.9, 136.1, 132.7, 129.3, 128.8, 128.1, 126.9, 113.7, 101.5, 85.0, 55.3, 21.6, 20.6 ): 3468, 2965, 2376, 1660, 1213, 1011, 740; 1 H NMR (400 MHz, CDCl 3 ): δ 7.52 (d, J = 8.1 Hz, 2H), 7.27 (d, J = 2.8 Hz, 2H), 3H), 7.21 (d, J = 5.0 Hz, 1H), 6.99 (t, J = 8.5 Hz, 2H), 6.04 (s, 1H), 5.75 (s, 1H) , 2.44 (s, 3H), 2.00 (s, 3H).
13 C{ 1 H} NMR (100 MHz, CDCl 3 ): δ 168.0, 162.7 (d, J = 248.3 Hz), 144.3, 135.8, 133.3 (d, J = 8.8 Hz), 130.3 (d, J = 3.2 Hz), 129.4, 129.0, 128.0, 115.6 (d, J = 22.5 Hz), 101.1, 84.8, 21.6, 20.5. HRMS (ESI) ): 3448, 2932, 2378, 1643, 1273, 1014, 752; 1 H NMR (400 MHz, CDCl 3 ): δ 7.44 (d, J = 8.0 Hz, 2H), 5H), 7.11 (d, J = 8.5 Hz, 2H), 5.98 (s, 1H), 5.67 (s, 1H) , 2.37 (s, 3H), 1.91 (s, 3H).
13 C{ 1 H} NMR (100 MHz, CDCl 3 ): δ 167. 9, 144.3, 135.7, 135.2, 133.0, 132.6, 129.4, 129.1, 128.8, 128.0, 100.9, 84.8, 21.6, 20.5. HRMS (ESI) 9, 144.3, 135.7, 133.6, 133.0, 131.9, 129.4, 129.2, 128.0, 123.5, 100.9, 84.7, 21.6, 20.5. HRMS (ESI) 159.3, 144.1, 136.0, 135.5, 129.3, 128.9, 128.1, 123.5, 117.3, 114.8, 100.9, 84.9, 55.3, 21.6, 20.5 9, 144.4, 135.8, 135.6, 134.4, 132.3, 130.1, 129.7, 129.4, 129.2, 128.0, 121.6, 100.7, 84.7, 21.6, 20.5 160.0, 144.1, 136.1, 136.0, 129.3, 129.1, 128.1, 109.8, 101.1, 100.8, 84.9, 55.4, 21.6, 20.5 1, 144.1, 136.1, 133.1, 132.9, 131.9, 130.8, 129.3, 129.0, 128.6, 128.4, 128.3, 128.1, 127.6, 127.1, 126.3, 101.0, 85.2, 21.6, 20.7 8, 136.5, 136.3, 129.4, 129.2, 128.9, 128.0, 127.8, 127.4, 102.5, 84.7, 48.0, 21.5, 20.3 1, 143.7, 137.0, 136.5, 133.1, 129.4, 129.2, 128.9, 128.6, 127.8, 102.6, 84.7, 47.8, 21.5, 21.1, 20.3 159.0, 143.7, 136.6, 130.4, 129.3, 129.1, 128.2, 127.7, 113.3, 102.7, 84.7, 55.2, 47.5, 21.5, 20.3 (d, J = 244.6 Hz), 143.9, 136.3, 132.0 (d, J = 3.2 Hz), 131.0, 130.7, 129.4, 129.2, 127.6 (d, J = 12.5 Hz), 114.9, 114.7, 102.5, 84.6, 47.2, 21.5, 20.2 4, 131.0, 130.6, 129.5, 129.3, 127.7, 121.4, 102.3, 84.7, 47.3, 21.5, 20.3 
